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WIND~TUNNEL INVESTIGATION OF CONTROL~SUEFACE CHARACTERISTICS
I - EFFECT OF GAP ON THE AERODYNAMIC CHARACTERISTICS OF AN
NACA ‘0009 AIRFOIL WITE A 30-PERCENT-CHORD PLAIN FLAP

By Richard I, Scars
SUNMMARY

Tests have been made to determine the effect of a gap
at the flap nose upon the asrodynamic section characteris-
tics of an NACA 0009 airfoil with a plain flap and tab,
The resulis are presented in fhe form of airfoil and flap
section characteristics for several flap deflections, tab
deflections, and for four sizes of gap.

The results showed that a plain flap with a sealed
gap was best btecause it gave maximum effectiveness with
ninimum stick forces and because it was the most effec-
tive in delaying separation over the flap surface.

INTRODUCTION

Because of the increasing size and speed of modern
airplanes, it has become increasingly important to reduce
hinge moments on the controls and thus to reduce the
forces on the control stick. In an effort to solve this
problem, the FNACA has initiated an extensive investiga-
tion of the aerodynamic characteristics of control sur-
faces to provide data for design purposes and to deter-
mine the type of flap arrangement best suited for use as e
control surface, Because s conventional control surface
is merely a flap on an airfoil, these two terms are used
synonymously in this paper. 4s a part of this investiga-
tion, the effects of flap-nose shape and gaps on a typi-
cal horizontal tail of finite span were determined in
the full-scale wind tunnel and are reported in reference
1, The more fundamental part of the investigation is,
however, being made in two-dimensional flow, The first



part of the two-dimensional~flow investigation was the de-
termination of the section characteristics for airfoil-
flap combinations with plain flaps of various size and
with sealed gaps. (See references 2, %, and 4,) The data"
presented in references 2, %3, and 4 have Deen analyzed,

and parameters for determining the characteristics of a
thin symmetrical airfoil with a plain flap of any chord
and with the gap at the flap nose sealed are given in ref-
erence 5.

The tests herein reported were made to provide sec-
tion data for an airfoil having a plain flap with various
gaps at the flap nose, This paper has been prepared to
make the test results immediately available without too
detailed an analysis. '

APPARATUS AND MODEL

The tests were made in the NAGA 4~ by 6~-foot vertical
tunnel (reference 6) modified, as described in reference 2,
for force tests of models in a two-dimensional flow. A
three~-component balance system has been installed in the
tunnel in order that force-~-test measurements of 1lift, drag,
and pitching moment may be made. The hinge moments of the
flap and the tab were measured with special torque~rod
balances bduilt intg the model,

The 8- by 4~foot model (fig, 1) was made of laminated

mahogany to the NACA 0009 profile., It was equipped with

a plain flap having a chord 30 percent of the airfoil
chord and a plain tab having a chord 20 percent of the
flap chord. The nose radii of the flap and the tadb were
approximately one~half the airfoil thickness at the re-
spective hinge axes, The flap gap was varied by provid-
ing the model with removable airfoil tail blocks, The

tab was made of brass and its gap was fixed at 0.1 of 1

percent of the airfoil chord,

The installation of the model .in the tunnel was sim-
ilar to that of references 2 and 7. Because the model
completely spanned the tunnel, two-dimensional flow was
approximated, Flap.and tab deflections were set by fric-
tion clamps:.on the torque rods that were used in measur-
ing the hinge moments, )
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TESTS

v -

The tests were made at a dynamic pressure of 15
pounds per square foot, which corresponds to an air veloc-
ity of about 76 milss per hour at standard sea-level con-
ditions. The effective Reynolds number of the tests was
approximately 2,760,000. (Effective Reynolds number =
tunnel Reynolds number % turbulence factor: The turbu-
lence factor for the 4~ by 6~ft vertical tunnel is 1.93.)

The flap was set at deflections from 0° to 30° in 5°
increments. The b was sst at 00, 159, and -150 for
gach of the flap settings and a few tests were made with
the tab deflected £10°, +£20°, and £30°, The airfoil was
tested with the gap at the flap nose sealed and also with
gaps of 0.1, 0.5, and 1.0 percent of the airfoil chord,
Lift, drag, and pitching moments of the airfoil and the
hinge moments of the flap and the tadb were measured. For
each flap and tab setting, force tests were made through-
out the angle~of-attack range from negative stall to posi-
tive stall at 2° increments of angle of attack. '

RESULTS AND DISCUSSION

Symbols

The coefficients and the symbols used in this paper
are defined as follows:

c; airfoil section 1ift coefficient (1l/qc)

cq, airfoil section profile-drag coefficient
(do/qc)

cm"airfoil section pitching-moment coefficient
(n/qe®) '

chf flap section hinge-moment coefficient
(hg/qce?®)

ch,’ tad section hinge~moment coefficient (ht/gcta)

where

S IR e e e D e = gy — e e et
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1 airfoil section 1ift

airfoil section profile drag

-

(o

m airfoil section pitching moment about quarter-
chord point of airfoil

hy flap section hinge moment

hy tad section hinge moment

-

¢ chord of basic airfoil with flap and ta2d neutral
cg flap chord '
cy tab chord
g dynamic pressure
and

0, angle of attack for airfoil of infinite aspect
ratio

8§f flap deflection with respect to airfoil

8§y tabd deflection with respect to flap

Precision

The accuracy of the data is indicated by the devia-
tion from zZero of 1lift and moment coefficients at zero
angle of atiack. The maxzximum error in effective angle of
attack at zero 1ift appears to be about =0.2°. Flap de-
flections were set to within *+0.20, Tunnel corrections,
experimentally determined in the 4~ by 6-foot vertical
tunnel, were applied to 1ift only. The hiznge moments,
therefore, are probadbly slightly higher tkan would be ob-
tained in free flight, but the values presented are con-
sidered to be conservative. The increments of drag should
be reasonably independent of tunnel effect, although the
absolute value is subject to an unknowan correction, In-~-
accuracies in the section data presented are thought to
be negligible relative to inaeccuracies that will be in-
curred in the application of the data %o practical instal-
lations.

we
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Lift ‘Jl

In general, at auy-angle of attack and flap defleo—
tion, except when botkh the angle of attack and the flap
deflection are zero, the 1ift increases as the gap is re-
duced (figs. 2, 3, and 4), With the flap deflected, the
presence of a gap appears to have more effect upon the
shift of angle of attack of zero 1ift than does the magni-
tude of the gap. Although the decrements of 1lift are
directly proportional to the size of the gap, the varia-
tion is not linear and the rate of change of decrement
becomes less as the gap is ‘increased.

The slope of %the 1ift curve acz/aaG increases as

the gap is reduced and is greater for 09 than for 10°
flap deflection., With the flap neutral, the curve is
linear to within 19 or 29 of the airfoil stall; vhereas,
with the flap deflected 10°, the curve is linear over
only a small angle~of-attack range after which the slope
is reduced, indicating separation of flow over the air-
foil, This 1ift curve is of the same general shape as
that of a highly cambered airfoil, such as the NACA 6709,
At 20° flap deflection, the curve is linear for a small
range of angles of attack, dependent upox the gap size,
and then assumes a sharp break as the flap stalls. Be-
yond the flap stall, the curve becomes more gradual,
indicating that separation is coxrtinuing to build up
over the airfoil proper as the 1lift increases until the
airfoil finally stalls. 4% 300 flap deflection’, the flap
is stalled tnrougnout the entire angle-of~attack range
and the lift curve is nonlinsar.

. "Reducing the gap delays separation and the stall of
the flap. Apparently the presence of a gap allows a flow
of air over the nose ¢f the flap, which tends to reduce
the pressure peakys that exist at the hinge axis when the
gap is sealed (reference 2)., These peaks produce a pres-
sure gradient in front of the hinge axis that is favora-

ble in retarding separation and also an adverse pressure

gradient behind the azis that preclnltates ‘the stalling

of the flap. Since flaps sUalI earlier as the gap is in-
creased ‘and the effect 6f the gap apnears to be to -redunce
the pressure peaks, it is probable “that the absence of a
favorable pressure gradient ghedd of the hlnge axis causes
flaps having a gap at the nose to stall earlier than those
having a sealed gap.

B T vy Tmam g mes s et e e o s e e = oy rry e e e e e



Figure 2(c) indicates how the size of gap affects the
stall, At a flap deflection of 20°, the flap with sealed
gap stalls at a ¢; of about 0.6, With a 0.00lc gap the
flap stall occurs at about e¢y°= 0,2, but with the 0,005¢c
and 0,010c gaps the flap is stalled throughout the entirse
angle—-of—-attack range, - L ) R

The variation of 1lift coefficient with flap deflection
at a high vositive angle of attack 'gives a curve that is
nonlinear for all gaps, the smallest gap giving highest
1ift at all flap deflections, An angle of attack of 8% is
a typical high angle of attack for a wing of infinite span;
whereas, for a wing of aspect ratio 3, the same 1ift will
occur at nezarly twice this angle,

At a small angle of attack' (gy = 0°), the 1lift varies
linearly with flap deflection only to about 5° for all
gaps., With large gaps separation occurs searly and con-
tinuously, causing large losses in 1ift as indicated by a
gradual rounding of the curve, As the gap is reduced, the
flap stall becomes more pronounced and greater 1lift is
developed at a given flap deflection, '

At a large negative angle of attack (qg = —8° for a
wing of infinite aspect ratio) and with sealed and 0,001lc
gaps, the variation of 1ift coefficient is linear -with
flap deflection up %o &5 = 200, and the flap stall is
pronounced, For the larger gaps, however, the variation
is linear only to about &5 = 15° ‘because separation
occurs earlier and more gradually, making the flap stall
more obscure, These results are in agrecment with prev-
ious tests, such as thoss reported in reference 1.

Increasing the Flap nose gap precipitates separation

over the flap with the tad both neutral and deflected

(fig, 5)¢ A tad deflected in opposition to the flap

causes smaller reductions in 1lift as the flap =ap is
increased. On -the other hand, a tab deflected with the flap
produces greater increments in 1ift as the gap is increascd,
although this effect is not pronounced except at small
angles of attack (fig. 5(b)). The magnitude of these effects
increases with tab deflection, At large flap and small

tab deflections, separation phenomena ¢ause a departure
from the above—mentioned tendencics when, with a large

gap, a flap may be stalled, but, with a' small one, it

would be unstalled,
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Hence- these tests indicate that a tab is more effec-
tive as a trimming device when used on a flap having a
large gap at the nose than when used on a flap having a
small or sealed gap., It does not follow, however, that
the over~all effectiveness.of flap and tab is.greater with
a gap at the flap nose. Figures 3 and 4 show that small
or sealed gaps are desirable even with the tab deflected.

Hinge Moment of Plaps

Curves showing the variation of flap-hinge moment co-
efficient as.a function of 1lift eoefficient. at constant
flap deflection (figs. 2, 3, and 4) indicate that, at a
given 1lift COBfflCLent, the hinge-moment coefficient of
the flap generally increases slightly as the gap is re-
duced, At high flap deflections, the early separation of
flow on flaps with large gaps reverses the order of the
curves when the flap with a large gap is stalled; whereas,
at the same angle of attack and flap deflection, the flap
with a small gap may not be stalled.

Curves showing the variation of flap section hinge-
moment coefficient as a function of 1ift coefficient at
constant angle of attack (fig. 6) indicate that the hinge-
moment coefficient decreases as the gap is reduced. This

result, which is independent of tab deflection, is due %o
the fact that a given 1ift is obtained at lower flap de-
flections as the gap is reduvced. At large negative angles
of attack (fig. 6(c)), any advantages gained by sealiag
the gap are slight until a flap deflection sufficient to
give nositive 1ift is reached. The curves of figure 6
clearly indicate the reductions in stick force tm be ex~-
pected by sealing the gap because the hinge-moment coef-
ficient is proportional to the stick force for any con-
trol system of constant mechanical advantage.

Pitching Moment

With the flap and the tab neutral and the flap gap
sealed, the rate of change of pitching-moment coefficient
with 1ift coefficient (ch/acl)6 5 is 0.010 (fig. 2).

£:9¢%
This slope places the aerodynamic center at the 24-percent-
chord point, which agrees with tests of reference 7., As
the gap is increased, the pitching-moment generally
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decreases and the curves tend to stéépen élightlj, indi-
cating a forward shift of the aerodynamic center. )

As the flap is deflected, the increments of pitching-.
momant coefficient caused by gap become greater and the
curves (figs. 2, 3, and 4) become nonlinear probably be-
.cause of separation phenomena. 'This effect increases ‘with
1ift coefficient.

Drag

At unstalled attitudes of the flap, the ‘drag increses
with increasing gap, and- the’ increments caused by gap be-
come greater as the 1ift increases p031u1vely (figs. 2, 3,
and 4), Because of a relatlvely Targe unknown tunnel cor-
rection, the drag .coefficiénts cannot be ‘considered as ab-
solute; however, the relative values, snould be independant
of tunnel effects.

Hingenﬁoment of Tab

The air gap 2t the nose of the tad was not varied but
was held constant at O. 00lc for all tests.  Figures 2, 3,
and 4 1nd1cate that the tab hinge moment generally in~
creases as ‘the gap at the flap, nose is 1ncreased. This
effect is more pronounced at n gh fTap deflectlons.

)

Parameters

In general the or&er of magnltude of the 1ncrements
in the‘parameters (reference 5) caused ‘by changes 1n gap
are of the same order of magnltude as the limits of ac-
curacy in determining the values of ‘the parameters. ‘Phis
fact may be caused by precision errors already discussed
or by actual nonlinearity of the various curves because
of separatlon phenomena. Only the general trend, there-
fore, rather than the magnitude of uhe variation of the
various parameters with gap is indicated below. " As the
gap at the nose of the flap is decreased, the parameters

~

@) '<a°z> e ey
=, 55 s and é'é':) increase; 5’;,‘) .
87,84 =~ O°F e,y L7868y
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acm achf R . . ach\o
5§~> s <55~~> , and 35 ) decrease;
£ 01961-' - £ .C'L’St 01’8
a <aChf>
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and the tab parameters, ‘not preV1ously mentloned remain
about the same.

' ”he nlazn flap with the larvest gap (0. OlOc) is ‘only

‘about 76 percent as effective in.producing 1ift as the

flap.with the sealed gap (fig. 7).

' GONGLUDING REMARES

The results indicate that an airfoil having a sealed
gap at.the flab. nose required. less stick force at a glven
lift and angle of attack than.an a1r¢011 havlng ‘any size
gap within the  range tested. . Sealing the gap.also in-
creased the control ef fectlveness, delayed senaratlon over
the flap, decreased the drag at most valves of 1lift, and

'slightly..reduced the -effectiveness of the tab. VWhere

maximum flap effectiveness and mlnlmum stick forces are
primary cansiderations in deslanlnﬂ a plain flap control
suvface, the gap at the flap nose should be sealed.

Too much rellance should not be placed in the use of
parameters to obtain. cnaracterlst;cs of flapped airfoils
with_gaps because the gap precipitates separation, causing
an early departure from the linear relationships assumed
to exist between the variables.

Langley lMemorial Aeronautical Laboratory,
Wational Advisory Committee for Aseronautics,
Langley Field, Va.
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NACA Fig. 2a
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NACA Fig. 3a
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(d) 8§ = 30°; &g =-15°.
Figure 4.- Concluded,
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NACA ‘ : Fig. 6

Airfoil section, liff coeﬁ‘/'g:/enf, c
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Figure 6.~ Variabion of flap section hinge-moment coefficient with airfoil
section lift coefficient at several angles of attack and tab
deflections and for various gaps.
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